Abstract: A terahertz microscope has been used to excite and observe the resonant modes of a single split ring resonator in the reactive and radiative near-field zones. The two lowest resonant modes of an isolated split ring resonator with their corresponding radiation patterns are reported; they showed good agreement to simulations. The passage from the reactive to radiative near-field zone is also discussed. Further, our result introduced a novel technique to perform terahertz time-domain spectroscopy of samples a few tens of micrometers in size by measuring the in-plane radiative nearfield zone. 
Introduction
Over the past few years, metamaterials have attracted much attention due to their unique ability to be engineered to obtain desired electromagnetic (EM) properties at optical wavelengths [1] . These artificial structured materials have demonstrated such exotic properties as negative refractive index, perfect lensing, and cloaking [1] [2] [3] . The most common metamaterial is an array of split ring resonators (SRR), where the unit cell is smaller than the wavelength and consists of a metallic ring separated in one point by a gap [4] . In many cases, the optical response of an SRR is analyzed in analogy to a simple LC resonator [5] , and coupling between SRRs is recognized as mutual inductance [6] . However, the asymmetric nature of SRR leads to non-uniform EM field radiation in the Fresnel zone (or radiative near-field zone) that must be known in order to design efficient metamaterials. For instance, SRRs must be positioned at specific intervals to optimize the different characteristics of the metamaterials [7, 8] . Most prominent applications involve the propagation of magneto-inductive waves inside metamaterials [7] achieved through near-field interactions between SRRs (λ > d), and metamaterials with λ < d geometry that exhibits behaviors of photonic crystals [8] , where d is the lattice parameter and λ is the wavelength.
Ideally for both cases, phase information contained in the surrounding field of each unit cell must match its neighbors.
Several reports using terahertz (THz) radiation have demonstrated the great potential of THz time-domain spectroscopy (THz-TDS) techniques [9] to study the amplitude, phase and polarization dependence of metamaterials [10, 11] . More recently, near-field THz imaging techniques [12] have proven to be a powerful tool to characterize the complex behavior of metamaterials in a subwavelength scale [13] [14] [15] [16] . The electric and magnetic resonances of a planar metamaterial have been directly mapped [13, 14] , and the coupling between elements in SRR arrays have been studied [13, 15] . The visualization of the spatiotemporal evolution of a THz pulse transmitted through and reflected from SRR arrays [16] has also been demonstrated. To the best of our knowledge, no work has been done in describing the inplane EM fields in the reactive and radiative near-field zones from an isolated SRR. This additional information may significantly help to clarify the EM field distribution and phase of THz waves in regions close to the sample (i.e., from λ > d to λ < d).
In this work, we visualized two resonant modes of an isolated SRR by electro-optic (EO) detection of the sample reactive and radiative near-field zones [17, 18] using a large field-ofview THz microscope. The near-field information obtained locally inside a single SRR agreed well with the information contained in the in-plane radiated near-field THz waves, which was also confirmed by simulations carried out using finite domain time difference (FDTD) software (Lumerical). In the frequency domain, the near-field maps revealed the singularity of the radiation patterns of SRR for the two lowest resonances while time-domain information clarified the passage from reactive to radiative near-field zones.
Experimental
To perform our experiment, we used a real-time THz microscope, as previously reported [19] . In this microscope system, a large probe beam at 800 nm illuminated a thin LiNbO 3 (LN) crystal used for 2-dimensional electro-optic (EO) imaging in reflection scheme. The SRR samples were fabricated by standard photolithography of a 100-nm-thick gold layer on the high reflecting coating side of a 3-µm-thick x-cut LiNbO 3 (LN) wafer mounted on a 500-µm-thick glass substrate (Tempax from Schott). We selected a 3-µm-thick electro optic (EO) crystal to improve the spatial resolution to 10 µm [20] . The losses in sensitivity caused by a thin EO crystal were compensated by a tightly focused THz pulse with peak electric field of >600 kV/cm ranging from 0.1 to 2.5 THz [21] . Notice that the high reflective (HR) coating side for the probe beam (SiO 2 made) has the same thickness as the LN crystal.
To evaluate the resonant modes of SRR, we characterized three samples consisting of square SRRs with different sizes (Fig. 1(a) ). Gap size d and width w were kept constant for each sample and only length l was varied. The SRR dimensions are d = 4 µm, w = 9 µm, and l = 50 µm, 60 µm and 70 µm for SRRs (1), (2) and (3), respectively. We present in Figs. 1(a) and 1(b) a visible and schematic description of the samples. The THz excitation polarization and the probe beam (λ 800nm ) polarization were set parallel to each other following the gap orientation. To maximize the EO signal, all SRR were patterned with their gap oriented 45° with respect to the crystal axis, i.e., relative to n O and n EO ( Fig. 1(a) ). The radiated THz waves were measured for the same polarization direction as the exciting beam and parallel to the gap ( Fig. 1(b) ). For convenience, we define x-axis direction following the gap orientation, as illustrated in Fig. 1(b) . Under our experimental conditions, all field components (E x , E y and E z ) are simultaneously excited by the SRR structure. By using an x-cut LN crystal as EO sensor and following the axis definition presented in Fig. 1 , E z field measurement is not possible, but crosstalk between E x and E y field components remains due to non-zero EO tensors. However, we confirmed by comparing our results with simulations that E x field (i.e., field parallel to gap orientation) is the dominant component in all our measurements. Figure 2 shows the THz electric field evolution in the near-field region of a gold SRR after irradiation of a THz excitation pulse. A movie obtained without a sample served as a reference. Both movies (sample and reference) are 500 frames long with a 27-fs time step. (We note here that the frequency-domain analysis was restricted by our 500-µm-thick glass substrate that returned an echo 7.12 ps after the main peak. The frequency resolution of our sensor can probably be improved with a thicker substrate with less absorptive material). We subtracted the reference movie from the sample movie in order to clarify the resonant modes and diffracted field propagating for x and y directions. After this operation and because the exciting beam is propagating in the z direction, only the x and y oriented k-vector fields remain around the sample. Figure 2 (a) is a schematic view of the sample, and a snapshot sequence (from (b) to (f)) is shown for sample (1), where l = 50 µm. Within this snapshot series, the lowest resonant mode can be observed inside the SRR with a re-emitted higher frequency around the sample. Notice that the selected snapshots (d), (e), and (f) reveal one oscillating period of the lowest resonant mode inside the sample. (1); (g) to (i) series of snapshots simulated for sample (1) . Experimental (Media 1) and simulated (Media 2) movies are available online. The image distortion observed in the experiment is attributed to birefringence of LN crystal [19] .
Results

Resonances in time-domain
We validated our measurements using FDTD software that reproduced the experimental conditions. The simulations were performed using a Gaussian THz excitation beam shape ranging from 0.1 to 2.5 THz in bandwidth with polarization set parallel to the gap. A 0.4 x 0.4 x 1 mm 3 size substrate and a 0.4 x 0.4 mm 2 by 3-µm-thick high reflective coating material were set using the optical constants of SiO 2 [22] . The thicker substrate was selected to extend the simulation range to 15 ps without disturbance of a second echo. A 3-µm-thick x-cut LN crystal with a refractive index of 5.8 was inserted between the two glass layers. Since we patterned the SRRs with an angle onto the LN crystal, the agreement between experiments and simulations was found by tuning the average refractive index value of LN material. All SRR structures were simulated using the dielectric parameters of gold [23] . For each sample, we simulated the E x , E y , and E z components of the electric field with an additional movie without a sample, which was used as reference data. Figure 3(a) shows the measured THz pulse waveforms obtained at the gap position of the three samples with the reference pulse used for sample (1) . The corresponding Fourier transforms normalized to their respective references are shown in Fig. 3(b) . Zero padding technique was used for all Fourier transforms data, which produces a longer FFT vector and results in a smoother looking spectrum. Three distinct resonances appear in the spectra for 0.45, 0.37 and 0.32 THz that relate to the different sized square SRRs from the smallest (1) to the largest (3). We found that these resonant modes scaled linearly with the geometric factor 1/l of our SRRs, as previously predicted [24] . Notice that only one resonant mode could be observed at the gap position of each sample. Using the data presented in Fig. 3(a) and 3(b) , we also evaluated the field enhancement factor at the SRR's gap position. A measured enhancement factor of 4.2 is found experimentally, which corresponds to a real enhancement factor of 40 [19] (i.e., between the gap at the crystal surface position). The difference is mainly due to a measured enhancement factor that rapidly decreased as the detection location gets farther from the gap position [19] . Portions (c) and (d) of Fig. 3 are the simulated data corresponding to the experimental results presented in (a) and (b). We found higher enhancement factor with a higher Q-factors for the simulation case. We explain this small deviation from the more absorptive substrate with a higher refractive index used in our experiment when compared to SiO 2 material used in simulation. Nonetheless, the simulations remain in good agreement with our measurements and should therefore be used to analyze our experimental results. 
Resonances by radiated field
Following the good calibration results obtained with our simulation tool, we studied the THz waves that were radiated around the sample and that propagated laterally when compared to the exciting THz pulse. We extracted the time-domain information at several positions from the SRR gap. Figures 4(a) to 4(d) show the Fourier transformed spectra of the experimental and simulated radiated THz fields normalized to the reference pulse for sample (1). The pulses are measured for different ∆x or ∆y positions on the EO crystal (red dots in Fig. 2(a) ), varying from a distance of 50 to 200 µm of the gap position. Using the radiated beam in the y direction, we found a first resonant mode at 0.40 THz (Fig. 4(a) ) that corresponds to the resonant mode presented in Fig. 3(b) . In addition to the first resonant mode, a higher and broader resonant mode is identified at 1.66 THz for the y direction in sample (1). This resonance almost vanishes for x direction simulations whereas it dropped below noise level for measurements (Fig. 4(b) ), and this strongly suggests a different emission pattern for both resonant modes.
One clear visual distinction between the two resonant modes observed in time-domain data (Figs. 2(b) to 2(f) ) is the larger size of the expansion field around the sample coming from the higher resonant mode. Since such energy rapidly radiated (i.e., indicating large radiative losses) outside the SRR, a weakly confined resonance and broader linewidth of the mode at 1.66 THz are expected, as observed in Fig. 4(a) . Finally, the experimental data for the x and y directions are in good agreement with the simulations (Figs. 4(c) and 4(d) ), which confirmed the ability to retrieve the THz signature of a sample by measuring the THz waves in the radiative near-field region. 
Resonances in frequency domain
To clarify the origin of the resonant modes, we show in Fig. 5 the Fourier transforms of nearfield maps for the two lowest resonant modes obtained for our experimental and simulated data done on sample (1). More precisely, Fig. 5(a) is obtained by Fourier transforming the measured temporal evolution of the E x scattered field, partly shown in Figs. 2(b) to 2(f), and Figs. 5(b) to 5(d) show the simulated E x , E y , and E z field components, respectively. Notice that simulated field distributions were calculated 5 µm below the surface of the crystal, which accurately represents the experimental conditions [19] . The good agreement found between the measured and simulated E x fields in Figs. 5(a) and 5(b) imply a trustworthy interpretation of the calculated E y and E z components since FDTD calculations obtained all EM fields simultaneously. In Fig. 5 , we see that both resonant modes have symmetric E x and antisymmetric E y and E z components in respect to the x = 0 plane. These symmetric and antisymmetric electric field distributions are attributed to the symmetry of the SRR in addition to the symmetry of the incident electric field. Since the SRR has mirror symmetry at the x = 0 plane (i.e., ε(x,y,z) = ε(-x,y,z) and µ(x,y,z) = µ(-x,y,z)), the resonant modes must have the electromagnetic field distributions of one of two prescribed symmetries [25] .
Next, we qualitatively discuss the charge and current distributions on the SRR when the two resonant modes shown in Fig. 5 are excited. For this, we consider the SRR in a homogeneous, linear, and isotropic space. Under this simplification, the radiated electric field can be divided into two parts. One originates from the surface current on the SRR, and the other originates from the surface charges accumulated by the non-uniform distribution of the surface current. Under the assumption that gold is a perfect conductor at THz frequencies, the field normal to the metallic surface directly reflects the charge distribution. From the upper figure of Fig. 5(d) , we can see that charges are accumulated at both ends of the gap position, which indicates LC type resonance (i.e., current flow from one end of the gap side to the other). From the lower figure of Fig. 5(d) , we can see that the second lowest mode at 1.66 THz forms a quadrupole, which agrees with THz [12, 15] and near-infrared studies [5, 26] done on SRRs. Notice that in Fig. 5 (b) and 5(c), E y field is 3 times weaker than E x field, which help to reduce crosstalk when using a 3-µm-thick x-cut LN EO sensor. 
Resonances in the reactive and radiative near-field zones
As mentioned earlier, the lowest mode of the SRR is the LC type resonance since the current flows from one end of the gap to the other. This means the electric field of the lowest mode is created from both the accumulated charge at the gap position, and current, which flows along the SRR. However, we can see from the upper figure of Fig. 5 that the electric field is concentrated only at the gap position. This implies that the electric field generated from the charge distribution is dominant compared with that generated from current very close to the source (for λ >> |x-x'|, with x and x' the positions of the dipole and observation point, respectively) [27] . We tested this condition for THz waveforms traveling in the y direction from the gap position (red dots in Fig. 2(a) ) and found two distinctive zones, shown in Fig. 6 . We noticed that charge emission behavior mainly occurred in a region very close to the gap (y < 75 µm), where the field amplitude decays at >1/r 2 , and the phase remains constant. A second zone appears for y > 75 µm where the LC-resonance field transited to a >1/r amplitude dependence and slowly experienced a phase shift for distances larger than 50 µm from the gap position; this clearly indicates radiative behavior. These decaying behaviors are in good agreement with a previously reported near-field and intermediated field description [27] . For a very short dipole, or an equivalent radiator, we can define the outer boundary of the reactive near-field zone to exist at a distance λ/2π from the radiator surface [18] . By assuming plasmonic resonances [26] in the SRR, we can approximate the wavelength of the lowest mode by λ/2 of the SRR size length, which corresponds to 400 µm for sample (1) . Thus, the reactive nearfield boundary is estimated to be 64 µm according to [18] , which corresponds to the zone with constant phase in our experiment. Finally, to visualize the reactive and radiative near-field zones simultaneously, we adopted a representation on a logarithmic scale normalized to the Fourier components of the THz field without a sample. In Fig. 7 , we show the measured (a) |E x | and simulated (b) |E x |, (c) |E y |, and (d) |E z | radiation patterns plotted in dB for a single SRR. These results are evidence of the different radiation patterns for the two lowest resonant modes of the SRR. For the |E x | component, LC-resonance generates a three-lobe emission pattern, whereas quadrupole resonance leads to higher emission directivity in the y direction with complete suppression of radiated energy in the x direction. In Media 3 and Media 4, we present the measured and simulated radiation patterns in dB for |E x | ranging from 0.1 to 2.5 THz. As visualized in these two movies, the radiation patterns have different frequency dependences for positive and negative y-directions of the SRR (i.e., for gap side and opposite side). This may be due to the asymmetric geometry of the upper and lower parts of the SRR, which suppressed, or built up, certain radiated frequencies in a preferential direction and may also explain why the second lowest mode is very broad. 
Conclusion
In conclusion, we successfully identified the two lowest resonance modes of an SRR with their associated radiation patterns. Our results agree well with simulations and previous studies done at THz frequency and in the near infrared range. In addition, by combining the near-field THz maps with time-domain spectroscopy, we clarified the passage from reactive to radiative near-field zones of the SRR at 0.45 THz. Knowing the field evolution around an isolated SRR may have a significant impact on the design of efficient metamaterials due to the phase information contained in the surrounding field of each unit cell that must match its neighbors. Further, we reported an alternative way of performing THz time-domain spectroscopy of subwavelength-size samples using radiated THz waves that propagate laterally inside the electro-optic crystal when compared to a THz excitation beam.
